The impact of a six month body weight supported treadmill (BWST) training program on glucose 2 homeostasis and muscle metabolic characteristics was investigated. Nine individuals (31±3 yr, 3 8.1±2.5 yr post-injury; means±SE) with incomplete spinal cord injury (SCI) trained three times 4 weekly for a total of six months. Training session duration and intensity (velocity) increased by 5 54±10% (P<0.01) and 135±20%, respectively. Muscle biopsies and a modified glucose tolerance test 6 (100g glucose with [U-
INTRODUCTION 25 3
The life expectancy of persons who have suffered a traumatic spinal cord injury (SCI) is now 1 approaching that of the able-bodied population. The primary causes of morbidity and mortality in 2 persons with a SCI are the same as those in the able-bodied population (2-4, 14, 15) ; with the 3 exception that some diseases and associated risk factors (i.e., diabetes and dyslipidemias) arise earlier 4 in life and with greater prevalence, in persons with a SCI (2-4). For these reasons similar advice 5 regarding lifestyle factors that can reduce risks for these diseases should be directed at persons with a 6 SCI (2-4, 14, 15) . 7
With respect to the risk for development of non-insulin-dependant diabetes mellitus (type 2 8 diabetes), one major determinant of insulin action is physical activity (for review see ref.
(1)). 9
However, exercise involving large muscle masses, such as the legs, is often not possible in persons 10 with a SCI. Traumatic spinal cord injury results in loss of skeletal muscle mass, reduced or complete 11 loss of capacity for voluntary neural activation of skeletal muscle, and a reduced oxidative potential 12 of skeletal muscle (i.e., reduced mitochondrial content), below the level of the lesion. Muscle fiber 13 size is reduced, which appears to occur relatively early and reach a nadir within a year post-injury 14 (8, 31) . Additionally, muscle oxidative capacity and the capacity for glucose transport and 15 phosphorylation are also lower in persons with a SCI (9,10,25,28,31,37). Studies in which limbs have 16 been immobilized, or neural input to muscle has been ablated, have also shown reductions in fiber 17 size and metabolic capacity, as well as capacity for glucose transport (24,33,39). Due to a lack of 18 neural input, possibly combined with reduced voluntary contractile activity, individuals with a SCI 19 also have a show a reduced glucose tolerance and relative hyperinsulinemia during oral glucose loads 20 (9, 10, 25, 28, 31, 37) . Since hyperglycemia and hyperinsulinemia are hallmarks of type 2 diabetes, and 21 contribute to the metabolic syndrome, it would be beneficial to develop therapies for these conditions 22 aimed toward persons with a SCI (19) . 23
In persons with a complete SCI, programs of non-voluntary electrical surface stimulation 24 (functional electrical stimulation -FES) have been shown to increase muscle glucose transporter 25 8 subsequently developed, digitized using the Epi-Illumination UV Darkroom, and analyzed for band 1 density. 2
Hexokinase activity. Approximately 10mg (wet weight) of frozen muscle was hand homogenized in 3 425µl ice-cold phosphate homogenizing buffer (pH 7.4, containing 0.02% bovine serum albumin, 4 5mM ∃-mercaptoethanol, 0.5mM EDTA). The homogenate was diluted 1:125 in phosphate 5 homogenizing buffer and added to 100µl of the reaction buffer (100mM Tris HCl, 5mM glucose, 6 5mM ATP, 2mM MgCl 2 , 0.5mM NAD + , 0.5% Triton X-100, 0.05% bovine serum albumin, and 7 2U/ml glucose-6-phosphate dehydrogenase). The reaction tubes were incubated at 37°C for 1h after 8 which, to stop the reaction, 10µl of 1N HCl was added and it was incubated at 95°C for 3min. To the 9 stopped reaction, 1ml of fluorimetric reaction buffer was added (50mM imidazole, 100µM NADP + , 10 30mM ammonium acetate, 5mM MgCl 2 , 1mM EDTA, and 0.1U/ml phosphogluconate 11 dehydrogenase) and the reaction was allowed to proceed for 15min at room temperature (22°C). The 12 activity was calculated based on comparison with known standards of glucose-6-phosphate, and 13 expressed as µmol · min -1 · g wet weight of muscle -1 . All pre-and post-training muscle samples were 14 analyzed together. The intra-assay coefficient of variation was less than 4.0% for the assay. 15
Modified oral glucose tolerance test (OGTT). Subjects reported to the Exercise and Metabolism 16
Research Laboratory at McMaster University having abstained from any strenuous activity for at 17 least 48h and in an overnight fasted state having abstained from eating and drinking since 2100h on 18 the previous night. During each of the OGTT subjects ingested 1000ml of room temperature water 19 containing 100g of [U- 13 C]enriched glucose (see below). The drink was given in four equal volumes 20 of 250ml ingested at 30min intervals following the initial baseline blood sample (i.e., prior to the 21 drink). Blood samples were taken at 10min, 20min and every 20min thereafter until 180min after 22
ingesting the initial drink. Breath samples were collected at baseline, and at 60min after the first 23 9 drink and every 30min thereafter to assess breath enrichments. All observations were made between 1 0800 and 1100h and were made at the same time of day PRE and POST. 2
For blood sampling a 20 gauge catheter was inserted in an antecubital vein and was kept 3 patent with a 0.9% NaCl drip. Samples were taken at time 0 (prior to the drink), 10min, 20min, 4 40min, and every 20min thereafter until 180min. Blood samples (5ml) were drawn into test tubes 5 containing lithium heparin. Whole blood (20µl) was immediately analyzed for glucose concentration 6 using a calibrated automated glucose analyzer (YSI 2300 Stat Plus, Yellow Springs, OH). The intra-7 assay coefficient of variation (CV; N=10 samples) for glucose concentration determination with this 8 analyzer was less than 3%. The heparinized blood was then spun in a refrigerated centrifuge (4°C at 9 2800g) for 15min to separate the plasma. Plasma was then aliquoted into tubes and stored at -80°C 10 until analysis of insulin concentration and blood glucose enrichment by mass spectrometry. 11
Breath samples were taken at baseline (0min), and following 60min, 90min, 120min, 150min, 12 180min after ingestion of the glucose drink. Breath samples were extracted from Douglas bags that 13
were directly on-line with the outflow from the metabolic gas analyzers. Breath samples were 14 collected into 60ml additive-free syringes that had been 'flushed' three times with the expired, and 15 well mixed, breath sample. Expired gases were then delivered via a 26 gauge needle from the 60ml 16 syringe into 10ml additive-free vacutainers and were immediately analyzed for breath 13 CO 2 / 12 CO 2 17 ratio using automated isotope ratio mass spectrometry (see below). 18
Glucose drink. Natural unlabelled glucose (SIGMA, St. Luois, MO) was enriched with [U-19 13 C]glucose (99%; Cambridge Isotopes, Andover, MA) to achieve a final isotopic composition 20 greater than +100‰ change ( ) versus 13 C Pee Dee Belemnitella (PDB-1), this level of enrichment 21 was measured experimentally by mass spectrometry to be +122.7‰ PRE and +110.3‰ POST. The 22 high enrichment of this signal was deemed necessary to 'obscure' any background changes in 23 endogenous 13 CO 2 breath enrichment during the OGTT and to detect small changes in glucose 24 oxidation induced by the training protocol by achieving a high signal to noise ratio. The drink for the 1 entire study was made at one time for all subjects and frozen as a 40% glucose solution in aliquots 2 that were defrosted and made up to 1000ml the day prior to the study. This was done to ensure a 3 consistent enrichment of the ingested drink between subjects and from PRE to POST. Combustion 4 analysis of 13 CO 2 / 12 CO 2 of aliquots of all the drinks ingested by the subjects revealed a CV in the 5 enrichment (N=9) of less than 0.3%. 6
Glucose oxidation. Carbohydrate and triglyceride oxidation were calculated from indirect 7 calorimetry. Expired gases were analyzed using an AEI Moxus II gas analysis system (Pittsburgh, 8 PA). The system was calibrated with two points and gases with CO 2 and O 2 concentrations within the 9 physiologic range. Breath sampling periods were 8min long, or longer, to achieve at least 3min of 10 stable VO 2 and VCO 2 readings. Protein oxidation was calculated as the urinary urea produced over 11 the 3h period (6). Hence, carbohydrate and triglyceride oxidation rates were computed from VO 2 and 12 VCO 2 , corrected for protein oxidation according to the stoichiometric equations and caloric 13 equivalents as presented by Burelle et al (6). 14 The oxidation of ingested glucose (Glu ing ) was computed as described (6,42) and according 15 to the following equation : 16
Where R exp is the 13 CO 2 / 12 CO 2 ratio in expired breath, R bkg is the background 13 CO 2 / 12 CO 2 ratio in 18 the breath before ingestion of the labelled glucose, and R ing is the 13 CO 2 / 12 CO 2 of the ingested 19 glucose solution, k is the volume of CO 2 produced as a result of the complete oxidation of glucose 20 (0.7426 l/g) (6,42), and c is the bicarbonate retention factor, which accounts for the retention of 21 labelled CO 2 and was assumed to be 0.81 (32,43). The delay in excretion of the retained 13 C label 22
( Fig. 1A ) meant that glucose oxidation was only calculated during the last 60min of the protocol, as 23 previously described (6). 24
Using the isotopic composition of the plasma glucose (R glu ) the percentage of plasma glucose 1 coming from the ingested glucose (F ing ) and the oxidation rate of blood-borne glucose (Glu blood ) can 2 be calculated as described (6), presented below: 3 (2) 4 and 5
Where R glu-bkg is the isotopic composition of plasma glucose at baseline, prior to ingestion of the 7 labelled glucose solution. Glucose that was either directly, or via conversion to lactate, oxidized from 8 glycogen in muscle was computed as the difference between the total amount of carbohydrate 9 oxidized (from indirect calorimetry) and G blood (Eq. 3). Also, the amount of glucose released from 10 the liver that was oxidized was calculated as the difference between G blood (Eq. 3) and G ing (Eq. 1). k, 11 is the volume of CO 2 generated from the complete combustion of glucose (0.743 l/g); and c is the 12 bicarbonate retention factor (0.81 at rest; 6). 13
Mass Spectrometry. Breath samples were analyzed using an automated 13 CO 2 breath analysis system 14 -BreathMat plus™ (Thermo Finnigan, San Jose, CA). Briefly, from the 10ml vacutainer, 2ml of the 15 expired breath sample were introduced into the gas chromatograph. Gases not of interest -N 2 and O 2 16 -as well as water were removed online via a continuous flow diffusion pump. Pure CO 2 was 17 introduced to the isotope ratio mass spectrometer (IRMS) and was analyzed at mass/charge (m/z) 18 ratios 44, 45. Samples were compared to a known (PDB-1) standard and expressed as ‰ difference 19 versus the PDB-1 Chicago standard. Comparison of the BreathMat plus analysis of three subjects 20 breath samples against samples analyzed using a non-automated IRMS, described previously (43), 21
and using cyodistillation to trap pure CO 2 showed excellent agreement across a range of -24‰ to 22 +45‰ (r = 0.998, P<0.001). The CVs for repeated samples (N=6) at rest and at peak breath 23 enrichment were less than 0.5%. 24
12
The enrichment of glucose in plasma was measured by first deproteinizing 1ml of plasma 1 with 1.5ml each of 0.3N Ba(OH) 2 and ZnSO 4 . Precipitated proteins were separated from the 2 supernatant by centrifugation for 20min (3300g at 4°C). The supernatant was then passed over ion 3 exchange resins to isolate glucose. The sample (~3ml) was passed over 0.5cm radius disposable 4 chromatography columns (Fisher Scientific, Markham, ON) with ~3cm each, in series, of AG50W-5 X8-H + (200-400 mesh; Bio-Rad) and AG 1-X8-Cl -(200-400 mesh; Bio-Rad) ion exchange resins 6 that had been pre-washed (7ml) with 4N HCl and washed repeatedly (until neutral by pH paper) with 7 distilled-deionized water (ddH 2 O). The samples were applied to these resins and were eluted with 8 ddH 2 O (~10ml). The eluant was collected in test tubes and dried by rotary evaporation (Savant 9
Instruments, Holbrook, NY). Using radioactive labelled glucose, the percentage recovery for this 10 procedure was 88±3%. The lyophilized glucose residue was placed in quartz tubes, sealed, and was 11 combusted (60min at 450°C) in the presence of 20mg of copper oxide. The resultant CO 2 was 12 analyzed by IRMS (VG Isogas, SIRA 10, Cheshire, UK) as described previously (43). The isotopic 13 composition was expressed as the ‰ difference from the PDB-1 Chicago standard: 14
Where R smpl and R std are the 13 CO 2 / 12 CO 2 ratios of the sample and standard, respectively. 16
Muscle Metabolites. Frozen wet muscle samples (~10mg) were freeze-dried, powdered, dissected 17 free of non-muscle elements and stored at -80°C. Aliquots of freeze-dried muscle were extracted 18 with 0.5 M perchloric acid, neutralized with 2.2 M KHCO 3 and assayed for glycogen, ATP, PCr and 19 creatine using standard enzymatic methods (22, 41) . All pre-and post-training samples from a given 20 subject were analyzed at the same time, and all metabolite measurements were adjusted to the highest 21 total creatine value in order to account for differences in blood or connective tissue content between 22 samples. 23 
13
Blood and Urine Analysis. Plasma was assayed for insulin concentration using a commercially 1 available radioimmunoassay kit from Diagnostic Products Corporation (Los Angeles, CA). Intra-2 assay CV for this procedure was less than 5%. 3
Urinary urea was analyzed using a commercially available end-point assay kit that used a 4 urease hydrolysis of urea and the sodium nitroprusside (procedure no. 640, Sigma Diagnostics, St. 5
Louis, MO). The intra-assay CV for this procedure was less than 6%. 6
Statitical Analysis. Data were analyzed using Statistica (v 6.0, Statsoft, Tulsa, OK). Variables for 7 which only PRE and POST measures were taken were analyzed using paired t-tests. Variables in 8 which time and training were factors were analyzed using a repeated measures analysis of variance. 9
Where a significant F-ratio was observed, post-hoc analysis using Tukey's test was performed to 10 locate the differences. Significance was set at P<0.05. Data are presented as means±SE. 11
RESULTS

12
Treadmill Performance. Subjects showed a substantial decrease in the externally supported 13
proportion of their body weight from 65±3% to 23±5% (P<0.001) after the training protocol. The 14 participant-selected velocity at which subjects ambulated on the BWST also increased from 15 0.54±0.11 km/h to 1.27±0.13 km/h (P<0.01). The subjects' time per training session increased from 16 pre-to post-training (PRE= 22.8±3.8 min, POST=35.3±3 min, P<0.001). While it is not possible to 17 quantify the contribution from the assistants while the subjects were on the treadmill, the 18 performance changes we observed where substantial and not due to increased assistant-initiated 19 support while our subjects were ambulating. In fact, all participants progressed during their training 20
to the point where less assistance was necessary, with some showing improvements to the point 21 where completely minimal or no assistance was required at all. 22
Breath and Blood Glucose. Breath glucose enrichments increased throughout the final hour of the 23 sampling period (Fig. 1A) and were significantly higher POST versus PRE (PRE=34.8±4.0 versus 24 POST=27.3±4.3‰
13 C PDB-1; Fig. 1A ). Blood glucose enrichments were relatively constant during 25 14 the final hour of the modified OGTT, however, were significantly lower POST versus PRE 1 (PRE=141.0±4.2 versus POST=127.3±5.9‰
13 C PDB-1; Fig. 1B ). The percentage of blood glucose 2 that was derived from ingested glucose was also significantly lower POST (69.9±2.2%) than PRE 3 (61.8±1.7%; Fig. 1B) . 4
Blood Glucose and Insulin. Figure 2 shows that blood glucose concentration increased upon 5 ingestion of the glucose drink, but that the pattern of change over time was affected by training 6
(training x time interaction P<0.01). Blood glucose concentrations were significantly (P<0.05) lower, 7
at 20, 40, 60, 80, and 140min during the protocol POST compared to PRE. Calculation of the 8 cumulative area under the curve (AUC), which was calculated using the trapezoid rule, of the glucose 9
x time curve (Fig. 2) showed that training, induced a 15±4% (range 6-26%) reduction in this variable 10 (Fig. 2, inset) . 11
The blood insulin response following ingestion of 100g of glucose mirrored the changes in 12 blood glucose, in that there were significant reductions in insulin concentration at 120 and 180min of 13 the protocol POST versus PRE (Fig. 3) . The cumulative AUC for the insulin x time curve showed 14 that training resulted in a 33±8% (range 17-47%) reduction in this variable (P<0.01). By multiplying 15 the AUC for glucose and insulin one can obtain an insulin sensitivity index, which in this case would 16 be specific to our modified OGTT. The insulin sensitivity index was 44±5% (range 27-50%) lower 17 (data not shown) following training. 18
Substrate and Glucose Oxidation. Calculations from indirect calorimetry showed that there were no 19 significant differences in substrate oxidation (Fig. 4A ) PRE versus POST. The amount of 20 carbohydrate oxidized tended (P=0.092) to be higher following training. 21
The fate of the ingested glucose in terms of oxidation is presented in Figure 4B . We observed 22 a greater oxidation of the ingested glucose as well as liver-derived glucose POST as opposed to PRE 23 (P<0.05). There was no effect of training on peripheral (i.e, glycogen-derived glucosyl unit) 24
oxidation. 25
Muscle GLUT-4 Content and Hexokinase Activity. Training induced an increase in muscle GLUT-4 1 content ( Fig. 5A and 5B). The increase was uniform across all subjects and increased on average by 2 126±34% (range +22-320%). Muscle hexokinase activity also showed a training-induced increase 3 (49±4%), that was also seen in all subjects (Fig. 5C) . 4
Muscle Metabolites. Muscle glycogen content increased as a result of training by 80±23% (range 5 +10-185%; Fig. 6A ). Resting muscle ATP content was also elevated (17%, P=0.060) as a result of 6 training. In addition, resting muscle PCr content also increased after training (27%, range +6-54%; 7 P=0.002). 8
Body composition. A separate portion of this study involved the subjects receiving a whole-body 9 dual-energy X-ray absorptiometry (DXA) scan to assess changes in body composition and bone 10 mineral content and density. These scans were taken pre-training and following 12 months of 11 training. Given that the current study took biopsies prior to and following six months of training we 12
are not reporting the body composition data here. However, for the purposes of clarification and to 13 elucidate some of the mechanistic factors responsible for the changes in glucose tolerance we report 14
here that the body mass of the nine subjects that participated in this study was 75 We report here that a program of BWST training in persons with an incomplete SCI, which we 22 reported resulted in muscle fiber hypertrophy (46), also improves glycemic regulation. We also 23
showed that a greater fraction of glucose that was ingested was not only oxidized, but that over the 24 course of training period that the capacity for non-oxidative disposal of glucose (i.e., storage) was 25 enhanced, as evidenced by increased muscle-specific hexokinase activity and muscle GLUT-4 and 1 glycogen content. Additionally, the training program brought about an increase in muscle PCr 2 content. 3
Physical activity is a prime determinant of insulin-stimulated glucose uptake (1,34,35) . 4
Persons with a complete SCI have been shown to have an increased insulin-stimulated glucose 5 uptake as a result of programs of FES (27,37). Therefore, it is not only voluntary activity that can 6 induce positive changes in glycemic regulation (9,25,27,37). The improved insulin sensitivity in 7 persons with SCI who have undergone FES are most likely due to increases in muscle GLUT-4 8 content (37), (9,25)current results) and possibly also hexokinase activity (28), (10)current results) 9 and other adaptations. It is also possible that an overall increase in muscle mass (i.e., hypertrophy of 10 the stimulated muscles) would also account for some the increased glucose uptake (37), since muscle 11 accounts for almost 85% of insulin-stimulated glucose disposal (12). However, the increases in 12 muscle mass we observed (+4.3±1.1% after 1 year of training) are small relative to the changes in 13 insulin-mediated glucose uptake (37), which makes it unlikely that the training-induced muscle mass 14 increases are playing a large role in the increase in insulin-stimulated glucose uptake. A more likely 15 explanation of why our subjects showed improved glucose regulation following training is likely due 16 in part to an increase in insulin-responsive muscle GLUT-4 content (13, 34, 35 ) that we and others 17 (9,25,37) have observed. In addition, changes in fat mass and body fat percentage were unremarkable 18 following one year of BWST training and hence do not appear to be playing a large role. We cannot 19 rule out changes in regional adiposity that might be contributing in part to the changes in insulin 20 sensitivity; however, given that total adiposity did not change after one year of BWST training we 21
hypothesize that this too is of minor importance in the changes we observed following a much 22
shorter period of BWST training. 23
We made all of our POST measurements, of glucose tolerance, seven days after the subjects 24 last BWST training session, which we believe means it is unlikely that the changes we observed are 25 due to an acute bout of exercise. It is well documented that an acute effect of exercise in improving 1 insulin sensitivity can extend for up to 48-72h after the last exercise bout (reviewed in 23); hence, the 2 changes we observed in GLUT4 and HK activity, and other muscle-based variables may have been 3 influenced (since the biopsy was taken 3d post-exercise) by the last exercise bout. At the same time, 4 since we performed our modified glucose tolerance test 7d after the last exercise bout, we attribute 5 the changes there to a chronic training-induced adaptation. In fact, it may be that in taking our muscle 6 biopsies at 3d post-training and conducting the modified oral glucose tolerance test at 7d post-7 training that we underestimated the true beneficial effects of the training protocol (40,47). Previous 8 studies have shown that in highly trained athletes that a period of inactivity of as short as six days can 9 reduce muscle GLUT4 content (-17%; 47) and result in reduced insulin sensitivity (40,47). However, 10 taking relatively inactive men and training them with a mild exercise training program it was shown 11 that even after 7d of inactivity that glucose effectiveness and insulin sensitivity were still improved 12 (38) . Further, it is not known how the insulin signalling pathways would change with training 13 GLUT-4 content between fibers, however (11,18). Therefore, the activity level of the muscle fiber, as 25 opposed to its myosin heavy chain content (i.e., fiber type), appears to play a greater role in 1 determining the GLUT-4 content of the fiber (11). Consequently, our results of improved glucose 2 tolerance may have more to do with an exercise-induced increase in expression of GLUT-4, rather 3 than a fiber type shift. 4
The main difference between the increases in GLUT-4 content that we observed here, in 5
comparison to other reports (9,25,27,37), is that our data are from persons with an incomplete (ASIA 6 C), versus complete (ASIA A) SCI. Additionally, the changes we report here were induced by 7
voluntary neural input and not a local electrically delivered stimulus (37). Despite the differences in 8 subject populations (i.e., complete versus incomplete injuries), our increases in GLUT-4 content are 9 similar to those induced by FES in some (9,37), but not all studies (25). The increases in GLUT-4 10 content we observed were associated with a marked reduction in AUC in both the glucose and insulin 11
x time curves, resulting in an improvement in the insulin sensitivity index (AUC glucose x AUC 12 insulin curves) in all subjects. Our findings demonstrate that a prolonged lack of voluntary neural 13 input is not a determinant of the ability of skeletal muscle to respond to an contractile activity, others 14 have reached a similar conclusion (9,25,28,37). In fact, it has been recently demonstrated (5) that in 15 response to electrical stimulation both able-bodied and persons with a SCI show remarkably similar 16 changes in mRNAs encoding markers known to be responsive to increased skeletal muscle loading. 17
A possible change in voluntary activation of muscles as a result of BWST training cannot be assessed 18 from the current or from our previous data (46); however, evidence suggests that BWST training can 19 bring about changes in muscle activation patterns (for reviews see (16, 17) . Moreover, we have 20
showed that BWST training can induce hypertrophy (46), which would have necessitated an 21 increased loading of the limb skeletal muscle likely due to an increased voluntary muscle activation. 22
Our modified OGTT was used to assess handling of a glucose load as well as to trace the 23 oxidative fate of the ingested glucose (6). We observed that the present program of BWST training 24 was of sufficient intensity and duration to induce an increase in the rate of exogenous oxidation of 25 
